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[57] ABSTRACT

An oxide superconductor capable of realizing a high critical
current density and its manufacturing method requiring only
a low temperature heat treatment. An oxide superconductor
has a superconductive layer with a composition of
RE Ba,Cu,0, .. where RE stands for any one of rare earth
elements including Y, Eu. Gd, Dy, Ho. Er, and Yb, which is
formed on the substrate by RE,Ba,Cu,0,_, phase and CuO
phase resulting from a decomposition of RE,Ba,Cu,Oq
phase, in which the CuO phase and micro-defects caused by
the decomposition function as pinning centers. This super-
conductive layer is formed by applying a solution containing
organic compounds of a plurality of metallic elements for
constituting the oxide superconductive layer; calcining the
substrate applied with the solution to obtain a calcined body
in which the organic compounds contained in the solution
are thermally decomposed; heating the calcined body to
produce RE;Ba,Cu,0O; phase; and decomposing the
RE;Ba,Cu,0; phase into RE,Ba,Cu,0,_, phase and CuO
phase, to obtain the oxide superconductor.

14 Claims, 4 Drawing Sheets
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METHOD OF MANUFACTURING AN OXIDE
SUPERCONDUCTOR WITH HIGH CRITICAL
CURRENT DENSITY

This is a Division of application Ser. No. 08/407,036
filed on Mar. 17, 1995, which is a Continuation of Ser. No.
08/079.757 filed on Jun. 22. 1993, both of them abandoned.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to an oxide superconductor
in which a superconductive layer in a thin or thick film shape
is formed on a substrate, and its manufacturing method.

2. Description of the Background Art

Conventionally known methods of manufacturing an
oxide superconductor such as YBaCuO type superconductor
include a sputtering method and a vacuum evaporation
method. In these conventionally known methodes, it is fairly
common to have the composition of the obtained thin film to
be somewhat different from the composition of the target or
the evaporation source employed, so that the control of the
composition of the oxide superconductor which includes at
least three metallic elements presents unexpectedly difficult
problem.

In addition, these conventionally known methods are not
suitable for the thick film formation as well as for the mass
production, so that they are disadvantageous for the manu-
facturing of a large area superconductor.

Moreover, in the thin film obtained by these convention-
ally known methods, it is possible to obtain the satisfactory
crystal orientation property so that the sufficiently high
critical temperature Tc and critical current density Jc can be
realized, but it is difficult to form a thick film of a desired
thickness without sacrificing this crystal orientation prop-
erty.

On the other hand, there is another conventionally known
method of manufacturing an oxide superconductor calied the

CVD (Chemical Vapor Deposition) method. This CVD
method is suitable for the mass production, and has a
possibility of realizing a low temperature film formation.

However, in this CVD method. there is a drawback
concerning the difficulty to secure the sufficient amount of
the necessary alkali metal materials including Ba materials
and Sr materials at the appropriate vapor pressure in par-
ticular. |

There has also been a proposition of a potentially superior
method of manufacturing an oxide superconductor called the
MOD (Metal-Organic Deposition) method. This MOD
method uses a solution in which organometallic complex
salts of a plurality of metallic elements to constitute the
oxide superconductor are dissolved in an organic solvent, to
form a superconductive layer on a substrate by applying this
solution on a surface of the substrate and then burning it.

This MOD method has advantages in that it is easy to
form a large area superconductor and a superconductive
layer of desired thickness and film formation pattern can be
manufactured. However, there is a drawback in this MOD
method in that it is difficult to obtain an oxide supercon-
ductor with a high critical current density.

Now, in any of these conventionally known methods of

manufacturing an oxide superconductor, there is an unavoid-
able problem of realizing a sufficiently high critical current
density in a form of a thick film such as a tape member.
However, in any of these conventionally known methods,
when the film is thickened to a level of a tape member, the
critical current density inevitably decreases.

5

10

15

20

25

35

45

50

55

60

635

2

In addition, it has been difficult in any of these conven-
tionally known methods to control the thickness of the film
while maintaining a desired superconductor property.

In order to resolve these problems of conventionally
known methods, there has been a proposition to raise the
critical current density by introducing pinning centers for
suppressing movements of magnetic fluxes which are enter-
ing into the oxide superconductor at a time of current

conduction.

Here, the pinning centers are portions which function to
obstruct the movements of the magnetic fluxes due to the
Lorentz's force exerted onto the magnetic fluxes entering
into the superconductor which would generate the resis-
tances in the superconductor, and it is known that this role
of the pinning centers can be fulfilled by deposit particles or
grain boundaries formed within the oxide superconductor.

Conventionally, as a method of introducing the pinning
centers to the balky oxide superconductor with the compo-
sition of Y ,Ba,Cu;0,._,. there is a method which incorpo-
rates the Y,Ba,Cu,O, phase into the Y ,Ba,Cu,0,_, phase
by utilizing the peritectic reaction from a state in which the
Y,Ba,Cu,0, phase and the liquid phase are mixedly
present.

However, in this method, in order to introduce the
Y .Ba,Cu,0, phase, there is a need to use a high temperature
heat treatment with a temperature over 1000° C. However,
when such a high temperature heat treatment is applied with
respect to the oxide superconductive layer formed on the
substrate, the diffusion reaction at a boundary surface
between the substrate and the superconductive layer is
promoted, such that the composition of the oxide supercon-
ductive layer itself is affected and as a result the lowering of
the critical current density is caused.

Also, a conventional method of manufacturing a balky
oxide superconductor includes a process for introducing the
pinning centers by utilizing the decomposition process from
the Y,Ba,Cu,O; phase to the mixture of the Y,Ba,Cu,0,_,
phase and the CuO phase, but this decomposition process
requires the high temperature heat treatment with a tem-
perature over 900° C. under the usual ambient atmosphere
with a significant oxygen partial pressure, so that it is
difficult to utilize this decomposition process in the method
of manufacturing an oxide superconductor on a substrate.

SUMMARY OF THE INVENTION

It is therefore an object of the present invention to provide
an oxide superconductor capable of realizing a high critical

current density along with a desired thickness and a super-
conductor property.

It is another object of the present invention to provide a
method of manufacturing such an oxide superconductor with
a high critical current density, capable of introducing a
pinning center by utilizing the decomposition process from
the Y,Ba,Cu,O4 phase to the mixture of the Y,Ba,Cu,0,_,
phase and the CuO phase, which only requires a heat
treatiment of a temperature significantly lower than that
required in the conventional method.

According to one aspect of the present invention there is

provided an oxide superconductor, comprising: a substrate;
and a superconductive layer with a composition of
RE,Ba,Cu;0,_,, where RE stands for any one of rare earth

elements including Y, Eu, Gd, Dy, Ho, Er, and Yb, which is
formed on the substrate by RE,Ba,Cu,0-_, phase and CuQO
phase resulting from a decomposition of RE;Ba,Cu,Oq
phase, in which the CuQ phase and micro-defects caused by
the decomposition function as pinning centers.
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According to another aspect of the present invention there
is provided a method of manufacturing an oxide
superconductor, comprising the steps of: (a) applying a
solution containing organic compounds of a plurality of
metallic elements for constituting an oxide superconductive
layer with a composition of RE,Ba,Cu;0,_, onto a sub-
strate;. (b) calcining the substrate applied with the solution
to obtain a calcined body in which the organic compounds
contained in the solution are thermally decomposed; (c)
heating the calcined body to produce RE,Ba,Cu,O phase;
and (d) decomposing the RE,Ba,Cu,0O; phase into
RE,Ba,Cu,0,_, phase and CuQ phase, to obtain the oxide
superconductor having the superconductive layer formed on
the substrate, where the CuQ phase and micro-defects
caused by this decomposing step are introduced into the
superconductive layer as pinning centers.

Other features and advantages of the present invention
will become apparent from the following description taken
in conjunction with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a graph of an oxygen partial pressure versus an
inverse of temperature. for indicating thermodynamically
stable regions for RE,Ba,Cu,0; phase and the
RE,Ba,Cu,0,_, phase in the method of manufacturing an
oxide superconductor according to the present invention.

FIG. 2 is a general timing chart for a multi-stage heat
treatment to be carried out in the method of manufacturing
an oxide superconductor according to the present invention.

FIG. 3 is a timing chart for a multi-stage heat treatment
used in one concrete example of the method of manufac-
turing an oxide superconductor according to the present
invention.

FIG. 4 is a graph showing results of X-ray diffraction
analyses of oxide superconductor samples at three different
stages in the multi-stage heat treatment of FIG. 3.

FIG. 5 is a timing chart for a multi-stage heat treatment
used in a comparative example of a conventional method of
manufacturing an oxide superconductor.

FIG. 6 is a table showing results of critical current density
measurements for the oxide superconductor obtained by one
concrete example of the manufacturing method of the
present invention and the oxide superconductor obtained by
a comparative example of a conventional manufacturing
methods, at four different temperatures.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

First, the oxide superconductor and its manufacturing
method according to the present invention will be outlined
in general terms.

Namely, the oxide superconductor according to the
present invention has a superconductive layer with a com-
position of RE,Ba,(Cu,0,_,. where RE stands for any one of
the rare earth elements including Y, Eu, GGd, Dy, Ho, Er, and
Yb, which is formed on a substrate by decomposing the
RE;Ba,Cu,0; phase into the RE,Ba,Cu,0,_, phase and
CuQ phase such that the CuQ phase and micro-defects
caused by the decomposition process function as pinning
centers.

In this oxide superconductor according to the present
invention, the CuQ phase and the micro-defects introduced
by the decomposition process function as the pinning centers
to obstruct the movements of the magnetic fluxes entering
into the superconductor due to the self-excitation at a time
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of current conduction through the superconductive layer, so
that the critical current density of the superconductor can be
improved.

In addition, these CuQO phase and micro-defects are pro-
duced by the decomposition of the RE,Ba,Cu,O; phase, so
that they can be distributed uniformly over the entire super-

conductive layer. As a consequence. the pinning effects due
to the pinning centers can be obtained uniformly from the

entire superconductive layer, such that it is possible to
exhibit the effect of the improved critical current density

efficiently.

Now, according to the manufacturing method according
to the present invention, the above described oxide super-
conductor according to the present invention can be obtained
by the following procedure.

Namely, the superconductive layer is formed on the

substrate from the solution containing organic compounds of
a plurality of metallic elements for constituting the oxide
superconductor with a composition of the RE, Ba,Cu,0,__
which is applied onto the substrate, calcined to thermally
decompose the organic saits, and heated to produce the
RE,Ba,Cu,O4 phase, where the produced RE,;Ba,Cu,O,
phase is then decomposed into the RE Ba,Cu,0, _ phase
and CuQ phase such that the CuQO phase and the micro-
defects caused by this decomposition process function as the

pinning centers.

In this manufacturing method, the RE,Ba,Cu,O, phase is
produced by applying the solution to the substrate first and
then heating it, so that the RE,Ba.Cu,O; phase can be
produced on the substrate uniformly. t

In addition, in this manufacturing method, the CuQ phase
and the micro-defects are obtained from this RE,Ba,Cu,O,
phase by the decomposition process, so that they can be
distributed uniformly over the entire superconductive layer,
and consequently it is possible to manufacture the oxide
superconductor with the improved critical current density.

Moreover, in this manufacturing method, the oxide super-
conductor of a desired thickness can be manufactured as a
thickness of the solution applied onto the substrate can be
casily adjusted by appropriately controlling the viscosity of
the solution and selecting the manner of application.

Here, in the manufacturing method described above,
before a calcined body is heated to produce the
RE,Ba,Cu,0g phase, the calcined body should preferably
be heated at the temperature in a range of 700° to 850° C.
under the ambient atmosphere of the purely inert gas or the
inert gas with a low oxygen partial pressure, corresponding
to the thermodynamically stable region for the
RE,Ba,Cu;0,_, phase in the starting composition, to pro-
duce the RE,Ba,Cu,0O, phase and the CuO phase, 50 as to
ensure the production of the RE,Ba,Cu,O; phase by the
further heat treatment.

In this case, it is also possible to produce the
RE,Ba,Cu,04 phase to be c-axis oriented in a direction
vertical with respect to the surface of the substrate, in order
to obtain the c-axis oriented RE,Ba,Cu,0g phase. This
procedure to obtain the c-axis oriented RE,Ba,Cu,O, phase
from the c-axis oriented RE,Ba,Cu,0; phase and the CuQO
phase is effective because the RE,Ba,Cu Oz phase is highly
unlikely to be c-axis oriented compared with the
RE,Ba,Cu,04 phase, so that when the RE, Ba,Cu,0O, phase
is directly produced from the calcined body by the heat
treatment, it is likely to obtain crystal grains in random
orientations. It is to be noted here that it is preferable for the
superconductive layer to be c-axis oriented because the
superconductor currents flows in parallel to the surface of
the substrate of the superconductor which is located on an

ab-plane.
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It is to be noted here that the heating of the calcined body
at the temperature below the above described range is not
preferable as it will result in the incomplete decomposition
of BaCQ, produced by the thermal decomposition of the
organic salts. On the other hand, the heating of the calcined
body at the temperature above the above described range is
also not preferable as it will cause the diffusion reaction
among the elements constituting the substrate and the
elements, constituting the solution.

Also, in this case, the further heat treatment to produce the
RE,Ba,Cu,Og phase from the RE,;Ba,Cu,0O, phase and the
CuO phase should preferably be made at the temperature in
a range of 700° to 850° C. under the appropriate ambient
atmosphere, corresponding to the thermodynamically stable
region for the RE,Ba,Cu,0O; phase in the starting
composition, so as to produce the RE,Ba,Cu,0O; phase
stably and efficiently. Here, as indicated in FIG. 1, the
RE,Ba,(Cu,04 phase becomes stable at the lower tempera-
ture side than the RE,Ba,Cu,0,_, phase. so that the further
heat treatment can be made at the temperature and the
ambient atmosphere in the thermodynamically stable region
for the RE,Ba,Cu,O, phase in the starting composition by
appropriately selecting the oxygen partial pressure and the
temperature in the starting composition to be in the thermo-
dynamically stable region for the RE,Ba,Cu,,O, phase. Note
here that a location of a straight line A-B indicated in FIG.
1 moves according to the starting composition.

Furthermore. in the manufacturing method described
above, the decomposition of the RE,Ba,Cu, 0, phase into
the Re,Ba,Cu;0,_, phase and CuO phase should preferably
be achieved by the heating at the temperature in a range of
700° to 850° C. under the ambient atmosphere of the purely
inert gas or the inert gas with a low oxygen partial pressure,
corresponding to the thermodynamically stable region for
the RE,Ba,Cu,;0,_, phase in the starting composition, in
order to thermally decompose the RE,Ba,Cu,O; phase into
the RE,;Ba,(Cu,0,_, phase and CuO phase efficiently. Here,
as indicated in FIG. 1 described above, the RE,Ba,Cu,0,_,
phase becomes stable at the higher temperature side than the
RE,Ba,Cu,0Og phase, so that this heating for the thermal
decomposition of the RE,Ba,Cu,O phase into the
RE,;Ba,Cu;0,_, phase and CuQO phase can be made at the
temperature and the ambient atmosphere in the thermody-
namically stable region for the RE,Ba,Cu,0,__phase in the
starting composition by appropriately selecting the oxygen
partial pressure and the temperature in the starting compo-
sition to be in the thermodynamically stable region for the
RE,Ba,Cu;0,_, phase. In this case, it is further preferable to
make this heating at as low temperature side as possible in
order to prevent the grain boundary deposition of the CuO
phase.

Reterring now to FIG. 2, one specific embodiment of the
method of manufacturing an oxide superconductor accord-
ing to the present invention summarized above will be

described in detail.

First, the substrate is prepared. Here, the substrate may be
in any desired shape such as that of a plate, a wire, or a tape.
It is preferable for this substrate to be made from a material
with a high melting point which does not easily make the
diffusion reaction with the elements constituting the oxide
superconductive layer fo be formed thereon, or a material
having a crystalline structure similar to that of the oxide
superconductive layer. More specifically. a monocrystalline
substrate of strontium titanate (S1Ti0O;) or magnesium oxide
(MgO). or a metallic substrate having a monocrystalline
covering of either one of these can be used for this substrate,
for example.
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Next, the solution to be applied to this substrate is
prepared. As already mentioned above, this solution contains
organic compounds of a plurality of metallic elements for
constituting the oxide superconductor with a composition of
the RE,Ba,Cu,0,_.

Here, the organic compounds to be contained in this
solution may includes Y acetylacetone complex salt
[ Y(acac);] where “acac” stands for acetylacetonato:
CH,COCHCOCH, (CsH,0,), Ba acetylacetone complex
salt [Ba(acac),(OH,),], and Cu acetylacetone complex salt
[Cu(acac),] for example. The organic compounds may also
includes other acetylacetone complex salt such as Er tri-
acetylacetonato complex salt [Er(acac),], as well as other
organometallic compounds such as formate, acetate,
naphthenate, etc.

The solution can be prepared from these organic com-
pounds by mixing the powders of these organic compounds
at a predetermined mole ratio such that a relative rate of RE
(rarc earth) clement, Ba eiement, and Cu element in the
mixture becomes 1:2:3.1 to 4, respectively, and then dis-
solving the obtained mixture into the organic solvent.

Here, the organic solvent can be a mixed solvent of
pyridine (Py) and propionic acid (PA) for example, or a
solvent of methanol, acetic acid, toluene, etc.

Next, the solution is applied onto the surface of the
substrate. Here, the manner of application can be any of the
known solution application method such as the spin coating
method, the screen printing method, the brushing method.
and the dip coating method.

Next, the entire substrate with the solution applied
thereon is confined in a furnace such as a muffie furnace, to
calcine it at the temperature of 500° to 700° C. in the air, so
as to thermally decompose the organic salts contained in the
solution. As a result of this thermal decomposition, the
calcined body containing the oxides of the elements con-
tained in the solution such as RE,O;, BaCO,, and CuO is
produced.

Next, the multi-stage heat treatment is applied to this
calcined body in the furnace by appropriately controlling the
temperature and the atmosphere inside the furnace according
to the timing chart shown in FIG. 2, as follows.

First, the air inside the furnace is replaced by the inert gas
such as the 100% argon gas or the argon gas containing
about 0.01% of oxygen, and the temperature inside the
furnace is raised to the temperature T1 in a range of 700° to
850° C. under the appropriate ambient atmosphere, corre-
sponding to the thermodynamically stable region for the
RE,Ba,Cu,0,_, phase in the starting composition, over the
period t1 in a range of several tens of minutes to several
hours. Then, these temperature T1 and ambient atmosphere
arc maintained for the following period t2 in a range of
several tens of minutes to several hours.

As a result of this heat treatment. the solvent components
in the solution are evaporated, and the organic components
in the solution are sufficiently decomposed to produce the
RE,Ba,Cu;0 phase and the CuQ phase. At this stage, as the
oxygen is not supplied from the ambient atmosphere, the
RE,;Ba,Cu,04 phase is mainly produced. Also, the CuQ
phase is deposited at portions centered around the grain
boundaries.

Next, the temperature inside the furnace is set and main-
tained at the temperature T2 in a range of 700° to 850° C.
while the oxygen partial pressure inside the furnace is
increased by supplying oxygen gas into the furnace, so as to
realize the temperature and the ambient atmosphere corre-
sponding to the thermodynamically stable region for the
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RE,Ba,Cu,O4 phase in the starting composition, over the
period t3 in a range of several tens of minutes to several tens
of hours. In the temperature and the ambient atmosphere
corresponding to the thermodynamically stable region for
the RE;Ba,Cu,Og phase in the starting composition, the
RE, Ba,Cu,0 phase and the CuQO phase at the grain bound-
aries react each other to produce the RE,Ba,(Cu O, phase, so

as to realize the phase state of a mixture of the

RE,Ba,Cu,0O4 phase, the RE;Ba,Cu,0, phase, and the CuO
phase. At this stage, as the oxygen gas is supplied from the

ambient atmosphere, the RE,Ba, Cu;0, phase is believed to
be actually in a form of RE,Ba,Cu,04, ;..

Here, as already mentioned above, the RE;Ba,Cu,O;
phase is highly unlikely to be c-axis oriented compared with
the RE,Ba,Cu,0O, phase, so that when the RE,Ba,(Cu,0,
phase is directly produced from the calcined body by the
heat treatment, it is likely to obtain crystal grains in random
orientations. In contrast, in the procedure described above,
by producing the RE,Ba,Cu,04 phase to be c-axis oriented
in a direction vertical with respect to the surface of the
substrate first, and then obtaining the RE,Ba,Cu,0g phase
from the c-axis oriented RE,Ba,Cu,0, phase and the CuO
phase, it is possible to secure the production of the c-axis
oriented RE,Ba,Cu,0¢ phase.

Next. the temperature inside the furnace is set and main-
tained at the temperature T3 in a range of 700° to 850° C.
while the oxygen partial pressure inside the furnace is
decreased by supplying argon gas into the furnace, so as to
realize the temperature and the ambient atmosphere of the
inert gas such as the 100% argon gas or the argon gas
containing about 0.01% of oxygen, corresponding to the
thermodynamically stable region for the RE ;Ba,Cu;0,_,
phase in the starting composition. over the period ¢4 in a
range of several tens of minutes to several hours. In the
temperature and the ambient atmosphere corresponding to
the thermodynamically stable region for the RE,Ba Cu,0,_,
phase in the starting composition, the RE,Ba,Cu,0O; phase
is thermally decomposed into the RE,Ba,Cu,;0,_, phase and
CuO phase.

Next, the temperature inside the furnace is set and main-
tained at the temperature T4 in a range of 700° to 850° C.
while the oxygen partial pressure inside the furnace is
increased by supplying oxygen gas into the furnace, over the
period t5 in a range of several tens of minutes to several
hours, during which period the oxygen is supplied from the
ambient atmosphere to the RE,Ba,Cu,0,_, phase.

Next, the temperature inside the furmace is slowly
decreased to the temperature TS in a range of 400° to 500°
C. under the same ambient atmosphere over the period t6 in
a range of several tens of minutes to several hours. Then,
these temperature TS and ambient atmosphere are main-
tained for the following period t7 in a range of several hours
to several tens of hours, such that the crystal structure of the
complex oxide having a composition of RE ,Ba,Cu,0,_,
formed in the superconductive layer can be changed from
the tetragonal structure to the thombic structure during this
period t7. As a result, the desired oxide superconductor
which shows the superconductivity at approximately 90K
can be produced. It is noted here that, the crystal structure
can be changed from the tetragonal structure to the rhombic
structure by taking the oxygen atoms into the crystal
structure, so that a number of carriers is increased in the
rhombic structure and the desired superconductivity char-
acteristics can be realized.

Finally, the temperature inside the furnace is slowly
decreased further down to the room temperature under the
same ambient atmosphere.

10

15

25

30

35

45

50

35

65

8

In the oxide superconductor obtained by the procedure
described above, the CuQ phase remains within the grain
boundaries of the RE,Ba,Cu;0_,. and this remaining CuO
phase and the micro-defects introduced by the decomposi-
tion process function as the pinning centers to obstruct the
movements of the magnetic fluxes entering into the super-
conductor due to the self-excitation at a time of current
conduction through the superconductive layer, so that the
critical current density of the superconductor can be
improved.

Moreover, these CuO phase and micro-defects are
obtained by utilizing the decomposition of the
RE,Ba,Cu,O4 phase, so that they can be distributed uni-
formly over the entire superconductive layer, and
consequently, the pinning effects due to the pinning centers
can be obtained uniformly from the entire superconductive
layer and it becomes possible to exhibit the effect of the
improved critical current density efficiently.

Referring now to FIG. 3 to FIG. 6. one concrete example
of an oxide superconductor and its manufacturing method

according to the present invention will be described in detail.

In this example, the solution to be applied to the substrate
was prepared by mixing powders of Y acetylacetone com-
plex salt [ Y(acac),] with 23% in weight of Y as the rare earth
element, powders of Ba acetylacetone complex salt [Ba
(acac),(OH,),] with 41% in weight of Ba, and powders of
Cu acetylacetone complex salt [Cu(acac),] with 23% in
weight of Cu, at a mole ratio of Y: Ba: Cu=1: 2:3.5, and then
dissolving the obtained mixture into the mixed organic
solvent of the pyridine (Py) and the propionic acid (PA) with
a weight percentage rate of PY: PA=5:3. Then, this solution
was nearly completely evaporated, and dissolved again by
adding methanol to obtain the uniform solution.

The uniform solution so obtained was then applied onto
the (100) surface of the monocrystalline substrate of stron-
tium titanate (SrTiO;) by the spin coating method under the
conditions of a rate of revolutions equal to 3000 rpm and an
application time equal to 3 sec.

Then, the entire substrate with the solution applied
thereon was confined in a muffie furnace, and calcined at the
temperature of 600° C. in the air for ten minutes, so as (o
carry out the rapid thermal decomposition of the organic
salts. The resulting calcined body comprises microscopic
crystal grains in Y,0,-BaCQO4-CuQ phase.

Then, the multi-stage heat treatinent was applied to this
calcined body in the furnace by appropriately controlling the
temperature and the atmosphere inside the furnace according
to the timing chart shown in FIG. 8. as follows.

First, in the argon gas atmosphere, the temperature inside
the furnace was increased from the room temperature to
750° C. over the period of 80 minutes, and this temperature
of 750° C. was maintained for the following 3 hours. Then,
the temperature inside the furnace was maintained at 750° C.
for further 15 hours while supplying the oxygen gas into the
furnace. Then, after the atmosphere inside the furnace was
replaced by that of the argon gas, the temperature inside the
furnace was maintained at 750° C. for further 1 hour. Then,
the temperature inside the furnace was maintained at 750° C.
for further 30 minutes while supplying the oxygen gas into
the furnace. Then, the temperature inside the furnace was
slowly decreased to 450° C. over the period of 1 hour, and
this temperature of 450° C. was maintained for the following
3 hours. Finally, the temperature inside the furnace was
slowly decreased further down to the room temperature. As
a result, the oxide superconductor with the thickness of the
superconductive layer equal to 0.4 pm was obtained.
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During this manufacturing procedure, the samples were
taken out of the furnace at the stages (a), (b), and (c)
indicated in the timing chart of FIG. 3, and the compositions
of the samples were analyzed by using the X-ray diffraction
method. The results of these X-ray diffraction analyses are
shown in FIG. 4.

It can be clearly seen in FIG. 4 that, at the stage (a), the
c-axis oriented Y,Ba,Cu,0 phase is produced, while at the
stage (b), the c-axis oriented Y, Ba,Cu,O4 phase is produced
as the c-axis oriented Y ,Ba,Cu,O phase and the CuQ phase
at the grain boundaries react with each other. Then, FIG. 4
also shows that, at the stage (c), the Y,Ba,Cu,O, phase
disappears while the Y,;Ba,Cu,;0O, . phase appears, as a
result of the thermal decomposition process of Y, Ba,Cu,O,
phase—Y,Ba,Cu;0;_, phase+CuO phase carried out by the
heat treatment under the argon gas atmosphere after the

stage (b).

On the other hand, as a comparative example, a conven-
tional manufacturing method for producing the
Y, Ba,Cu,0,_, phase directly, without using the intermedi-
ate Y,Ba,Cu,0O4 phase, was also carried out, by using the
multi-stage heat treatment according to the timing chart
shown in FIG. §. Here, first, in the argon gas atmosphere, the
temperature inside the furnace was increased from the room
temperature to 750° C. over the period of 30 minutes, and
this temperature of 750° C. was maintained for the following
19 hours. Then, the temperature inside the furnace was
maintained at 750° C. for further 30 minutes while supplying
the oxygen gas into the furnace. Then, the temperature inside
the furnace was slowly decreased to 450° C. over the period
of 1 hour, and this temperature of 450° C. was maintained
for the following 3 hours. Finally, the temperature inside the
furnace was slowly decreased further down to the room

temperature.

Then, the cntical current densities of the oxide supercon-
ductor obtained by the above described example of the
manufacturing method according to the present invention
(sample 1) and the oxide superconductor obtained by the
above described comparative example of the conventional
manufacturing method (sample 2) were measured at various
temperatures. The result of these critical current density
measurements are summarized in the table of FIG. 6.

It can be clearly seen in FIG. 6 that, the oxide supercon-
ductor obtained by the manufacturing method of the present
invention (sample 1) has the improved critical current den-
sity compared with the oxide superconductor obtained by
the conventional manufacturing method (sample 2). In
particular, at the temperature of 77 K, under O T (no external
magnetic field), the sample 1 shows the critical current
density Jc of 18000 A/cm*®, in contrast to the sample 2 which
shows the critical current density Jc of only 2000 A/cm?, so
that the considerable improvement of the critical current
density can be achieved by the present invention.

This considerable improvement of the critical current
density in the present invention can be attributed to the
pinning effect of the CuO phase and the micro-defects
introduced by the decomposition process which function as
the pinning centers to obstruct the movements of the mag-
netic fluxes entering into the superconductor due to the
self-excitation at a time of current conduction through the
superconductive layer.

It 1s to be noted that, besides those already mentioned
above, many modifications and variations of the above
embodiments may be made without departing from the
novel and advantageous features of the present invention.
Accordingly, all such modifications and variations are
intended to be included within the scope of the appended
claims.
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What is claimed is:

1. A method of manufacturing an oxide superconductor,
comprising the steps of:

(a) applying a solution containing organic compounds of

a plurality of metallic elements for constituting an
oxide superconductive layer with a composition of
RE,Ba,Cu;0,_, onto a substrate, wherein RE is a rare
carth element selected from the group consisting of Y,
Eu, Gd, Dy, Ho, Er and Yb;

(b) calcining the substrate applied with the solution to
obtain a calcined body in which the organic compounds
contained in the solution are thermally decomposed;

(c) heating the calcined body to produce a RE,Ba,Cu,O,
phase; and

(d) decomposing the RE,Ba,Cu,0; phase into a
RE,Ba,Cu,0,_, phase and a CuO phase, to obtain the
oxide superconductor having the superconductive layer
formed on the substrate, where the CuQO phase and
micro-defects caused by this decomposing step are
introduced into the superconductive layer as pinning
centers.

2. The method of claim 1, wherein at the step (a), a
thickness of the solution applied onto the substrate is
adjusted by controlling a viscosity of the solution and
selecting a manner of application to obtain the oxide super-
conductor of a desired thickness at the step (d).

3. The method of claim 1, wherein at the step (b), the
substrate applied with the solution is calcined at a tempera-
ture in a range of 500° to 700° C.

4. The method of claim 1, wherein the step (c¢) further

comprises the steps of:

(c1) heating the calcined body at a temperature and an
ambient atmosphere cormresponding to a thermodynami-
cally stable region for the RE,Ba,Cu,0,_, phase in a
starting composition, to produce RE,Ba,Cu,0, phase
and the CuO phase; and

(c2) further heating the RE,Ba,Cu,0, phase and the CuQO
phase to produce the RE,Ba,Cu,0O, phase.

5. The method of claim 4, wherein at the step (cl), the
calcined body is heated at the temperature in a range of 700°
to 850° C. under the ambient atmosphere of inert gas having
a negligibly low oxygen partial pressure.

6. The method of claim 4, wherein at the step (cl), the
RE,Ba,Cu;04 phase is produced to be c-axis oriented in a
direction vertical with respect to the surface of the substrate,
s0 as to obtain the c-axis oriented RE,Ba,Cu,O; phase at the
step (c2). |

7. The method of claim 4. wherein at the step (c2), the
RE,Ba,Cu,0, phase and the CuQ phase are further heated
at a temperature and an ambient atmosphere corresponding
to a thermodynamically stable region for the RE,Ba,Cu,Og
phase in a starting composition.

8. The method of claim 7, wherein at the step (c2), the
RE,Ba,Cu,0, phase and the CuO phase are further heated
at the temperature in a range of 700° to 850° C. under the
ambient atmosphere having an oxygen partial pressure
greater than that of the ambient atmosphere at the step (cl).

9. The method of claim 1, wherein at the step (d). the
RE;Ba,Cu,Og phase is decomposed into the

RE,Ba,Cu;0,_, phase and the CuO phase by heating the
RE,Ba,Cu,0O, phase at a temperature and an ambient atmo-
sphere corresponding to a thermodynamically stable region
for the RE,Ba,Cu,0,__ phase in a starting composition.
10. The method of claim 9. wherein at the step (d), the
RE,Ba,(Cu,O; phase is heated at the temperature in a range
of 700° to 850° C. under the ambient atmosphere of inert gas

having a negligibly low oxygen partial pressure.
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11. The method of claim 9, wherein at the step (d). the
RE Ba,Cu,0O; phase is heated at a lowest temperature
within the thermodynamically stable region for the
RE,Ba,Cu,0,__ phase in the starting composition.

12. The method of claim 1, further comprising the step of 5
changing a crystal structure of a complex oxide having a
composition of RE, Ba,Cu,0,_, formed in the superconduc-
tive layer from a tetragonal structure to a rhombic structure.

13. The method of claim 1, wherein the steps (¢) and (d)
are realized by a multi-stage heat treatment comprising the 10
steps of:

(el) confining the calcined body obtained at the step (b)
inside a furnace having an atmosphere of inert gas;

(e2) increasing a temperature inside the furnace from a
room temperature to realize a temperature and an
ambient atmosphere of the inert gas corresponding to a

thermodynamically stable region for the
RE,Ba,Cu,0,_, phase in a starting composition, and
maintaining the temperature and the ambient
atmosphere, to produce the RE,Ba,Cu,0, phase and
the CuQO phase;

(e3) heating the the RE,;Ba,Cu;04 phase and the CuO
phase while supplying oxygen gas into the furnace to
realize a temperature and an ambient atmosphere cor-
responding to a thermodynamically stable region for
the RE,Ba,Cu,0; phase in a starting composition, to
produce the RE,Ba,Cu,04 phase;

(e4) further heating the RE,Ba,Cu,0; phase while sup-
plying inert gas into the furnace to realize a temperature ;g

and an ambient atmosphere corresponding to a ther-
modynamically stable region for the RE ,Ba,Cu,;0,

15

23

20

12

phase in a starting composition, to decompose the
RE,Ba,Cu,O, phase into the RE Ba,Cu,0,_ phase
and the CuO phase;

(e5) further heating the RE,Ba,Cu,0O,_, phase and the
CuQ phase while supplying oxygen gas into the furnace
at a temperature in a range of 700° to 850° C. under the
ambient atmosphere having a higher oxygen partial
pressure, decreasing a temperature inside the furnace to
a temperature in a range of 400° to 500° C., and
maintaining the temperature inside the furnace at the
temperature in a range of 400° to 500° C., to change a
crystal structure of a complex oxide having a compo-
sition of RE,Ba,Cu,0,_, formed in the superconduc-
tive layer from a tetragonal structure to a rhombic
structure; and

(e6) decreasing a temperature inside the furnace to the

room temperature,
14. A method of manufacturing an oxide superconductor

precursor, comprising:

(i) heating a layer on a substrate thereby producing a
RE,Ba,Cu,0O phase and a CuQ phase on the substrate,
wherein said layer comprises RE, Ba, Cu and O, RE is
a rare earth element selected from the group consisting
of Y, Eu, Gd, Dy, Ho, Er and Yb, and said
RE,Ba,Cu,0 phase is C-axis oriented in a direction
vertical with respect to the surface of the substrate;

(ii) heating said RE,Ba,Cu,0O,4 phase and CuQ phase on
the substrate, thereby producing a (-axis oriented
RE,Ba,Cu,0O; phase on the substrate.

% * * * *
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